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consistently taken into consideration amenably to the Weinberg-Salam theory. The 
effect of the strong quark-quark interactions on the neutron /3— decay is parameter- 
ized by introducing the nucleon electromagnetic form factors and the weak nucleon 



ff^ . transition current specified by the form factors , qa---- The radiative corrections 

o 

to the total decay probability W and to the asymmetry coefficient of the electron 



momentum distribution A are obtained to constitute (5M^~8.7% , 5Ak, — 2%. The 
contribution to the radiative corrections due to allowance for the nucleon form 
factors and the nucleon excited states amounts up to a few per cent to the whole 
value of the radiative corrections. The ambiguity in description of the nucleon 
compositeness is this surely what causes the uncertainties ~0.1% in evaluation of 
the neutron /9— decay characteristics. For now, this puts bounds to the precision 
attainable in obtaining the element Vud of the CKM matrix and the gy , qa ■■■ 
values from experimental data processing. 
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I. INTRODUCTION 



Nowadays, it has been well realized that a thorough and all-round study of the neutron /3— decay 
conduces to gain an insight into physical gist of the semiweak processes and into the elementary 
particle physics in general. That is why for the past decade a great deal of efforts has been directed 
to measure with a high accuracy (better than ~1%) the main characteristics of the /3— decay of 
free neutrons: the lifetime r [1] , the asymmetry factors (as neutrons are polarized) of the electron 
momentum distribution A [2] and the antineutrino momentum distribution B [3], the recoil proton 
distribution and the electron-antineutrino correlation coefficient a [4], the coefficient D of triple 
correlation of the electron momentum, the antineutrino momentum and the neutron spin [5]. 
Further experiments are believed to come to fruition before long [6]. 

In treating the experimental data, the task is posed to inquire into the effective 4-fermion 
interaction [7-9] 

jCwf{x) = — ^j^^('0e(x)7a(l - 7^)'0^(x))x 
X Yl %iPp,(^p,^){ir9v{q')+9wM{q')(T'"'q.) - 

-irgAiq^) + 57p(g')g")7'}*n(Pn, <7n, x) , q ^ - , (l-l) 

the quantities \Vud\-i gv, 9a,--- herein to be specified with the same accuracy which has been 
attained in the experimental measurements. This effective Lagrangian (1.1) is generally con- 
sidered as descending from the Standard Model, the nowaday elementary particle theory (see, 
for instance, Ref. [8]). In the expression (1.1), ipei^), ipui^) stand for the electron (positron), 
(anti) neutrino fields, and ^iv(-Piv, c^iv, a;), N—n,p, represent the nucleon states with the momenta 
Pn and polarizations a^. The system of units h—c—1 is adapted, and 7^, a^'' are defined 
by 7^ = i7°7^7^7^, a^^''={YY -Yl^) 1"^- is the Fermi constant and \Vud\ is the Cabibbo- 
Kobayashi-Maskawa (CKM) [10] quark-mixing matrix element. By confronting the experimental 
data with the results of the appropriate calculations, the |V^d|, gvi Qa--- values are to be fixed so 
strictly that we should be in position to fathom the principles of the elementary particle theory. 
In particular, the CKM unitarity 

iK^r+iK^r+iKbi'^i (1.2) 

should be verified as strictly as possible [10]. 



So far as the transferred momentum q is very small when compared to the nucleon mass, 
|g|/Mjv~0.0005, Eq. (1.1) provides the bulk amplitude of the neutron /3— decay with presum- 
ing Mjv^oo, neglecting the terms with gwM , gip, and replacing the functions gviQ^), 5^(5^) 
by their values at q^—O : gv{0)—l, gA{0) [7-9]. Finiteness of the nucleon mass causes the siz- 
able, about 1%, corrections to the calculated decay characteristics [11] that have been taken into 
consideration in experimental data processing in Refs. [1-3]. 

As we strive to acquire the quantities \Vud\, gv, gA, ■■■ with an accuracy better than 1%, the 
electromagnetic corrections are to be allowed for in treating the neutron /3— decay. Therefore the 
effective Lagrangian (1.1) is to be accomplished by the interactions of electrons and nucleons with 
electromagnetic field A 

Cejix) = -ei'eixh'^^eix) " A^{x) , (1.3) 

CN'y{x)^-e J2 ^N{PN,crN,x)f^{q)'ifN{PN,crN,x)-Au_{x) , (1.4) 

where f^iq) are the nucleon electromagnetic form factors. These interactions give rise to the 
electromagnetic corrections to the bulk amphtude 
If the effective Lagrangian 

Ceff = CwF + jCe'Y + CNj (1-5) 

could consistently describe the radiative /3— decay of neutrons 

n =^ p e~ P 7 , (1.6) 

the actual transition amplitude M. of order a would merely be presented by the set of ordinary 
Feynman diagrams originating immediately from the interactions (1.1), (1-3), (1.4) 




where the triplex Hnes represent various baryonic states, the blobs depict the form factors 
fj^{q) in (1.4) and the empty circle stands for the matrix element of the interaction (1.1) with 
allowance for 5— dependence. So, upon straightforward unsophisticated calculating, the amplitude 
M. and, subsequently, the observables r, A, a, ... would directly be obtained in terms of the 
quantities Gp-i |14d|, Qvi Qa, ■■■ residing into Cwf (l-l)- Then, accordingly the aim proclaimed, it 
would quite natural appear that these desirable quantities should be ascertained by confronting 
the experimental values of r. A, B, a, ... with their values calculated in the aforesaid way. But, 
alas, this plain calculation shows up to be contradictory because the ultra violet (UV) divergences 
(the terms multiple to IuA/Mn, A^oo) inhere in the contributions from the one- loop diagrams 
(d), (e), (/) in (1.7). So far the treatment is solely based upon the Lagrangian (1.5) itself, there is 
no way to cope with this failure. To deal with well-defined quantities in practical evaluating the 
observables r. A, B, a, the extra UV cut-off A^MyfslOOGeV could be set up, supplementing 
the calculation based on the local interaction (1.5), see, for instance, Refs. [12-21]. Yet, this recipe 
is rather untenable, and we would never be able to repose full confidence in the results obtained 
in this way. Thus, the description of the radiative decay (1.6) with the effective interaction (1.5) 
is not self-contained. 

Although the 4-fermion local theory is quite sufficient for the calculations in the lowest order, 
without the radiative corrections, it is not satisfactory because of its violation of unitarity and 
its nonrenormalizability, which prevents us from dealing with electroweak high order effects in a 
convincing way. A stringent self-contained treatment of the neutron /3— decay ought to be founded 
upon the Standard Model of elementary particle physics. The Standard Model Lagrangian 
[8] embodies the nowaday knowledge of the strong and electroweak interactions of the leptons and 
the quarks. 



There are several review articles and books available which thoroughly describe the structure of 
£^EW ^ £<i<i^_ ^j^g work presented, we pursue the way paved in Refs. [8,22-25]. 

In Sec. II, we concisely recapitulate the structure of the basic electroweak Lagrangian Cew 
and the respective renormalization procedure in view of the current calculation of the radiative 
corrections to the neutron /5— decay in the one-loop approach, with intent to attain an accuracy 
about 0.1%. By introducing the nucleon weak transition current and electromagnetic form factors, 
the needful parameterizing of the effects caused by nucleon compositeness is set forth in Sec. III. 



SM _ £EW _|_ £qq 




In Sees. IV-X, we acquire successively, term by term, the total decay amplitude of order a. In 
particular, the influence of nucleon structure on the calculated radiative corrections is estimated 
in Sees. VI, IX. The radiative corrections to the electron momentum distribution and to neutron 
lifetime are acquired in Sec. XI. In the last Sec, we fairly well try and compare our results with 
the long-known noteworthy assertions of the former investigations of the radiative corrections to 
the neutron /9— decay. We purposely defer this needful discussion till the flnal stage of the work 
to have at our disposal all the desirable persuasive arguments to be offered for substantiating our 
inferences. Upon realizing what is the accuracy actually attainable in the nowaday calculations, 
we brief a feasible way to acquire the quantities Gj?, |Vud|, gv^ QAt-- residing in Eq. (1.1) as 
precisely as possible from appropriate experimental data processing. 

II. ELECTROWEAK INTERACTIONS IN DESCRIPTION OF THE NEUTRON 

^-DECAY. 

The basic electroweak Lagrangian to start with, 

Z,, W^, H, ^f, e, Mz, M^, M^, rrif, , (2.1) 

is expressed amenably to Refs. [22-25] in terms of the bare physical fields and parameters. 
A^, Z^, W^, H, stand for the electromagnetic, Z— boson, W^—hoson, Higgs-boson and 
generic fermion fields, and the quantities e=^/A'na, Mz, Mw, Mh, rrif are the unit of charge 
and the masses of the Z— boson, VF— boson, Higgs-boson, and fermions, respectively; ^ represents 
generically the gauge parameters. Taking the fine of [22-24], we choose the Feynman gauge, ^ = 1. 
The physical fields A^, Z^, are related to the isotriplet of vector fields W^, a=l, 2, 3, and to 
the isosinglet vector field by the equations [22-25] 

Z^^cwW'^ + swB„ A,^-swW'^+cwB^, ^ ^{W^ ^ iW'^) ■ (2.2) 

Chosen e, Mz,w, as input parameters, 

2 1 2 /r, ON 

Cw = -j^ , s^^l-c^ (2.3) 

are nothing but merely shorthand notations to simplify formulae. The gauge coupling constants 
are given by 



and the masses of physical particles are written as 

Mw = \g2V,Mz = ygl + glV = (2-5) 

where V is the vacuum expectation value of the Higgs field, and // stand for the Yukawa couplings 
of fermions to the Higgs field. (2.1) has been constructed in Refs. [22-24] so that the bilinear 

terms, i.e. the inverse propagator terms, take eventually the simplest form: 

= i^fi^rd, - mf)^j + iy,V(n + M^)W- + 

\z^g^\U + Ml)Z, + ^(D + m,^)A^g^^A, . (2.6) 

The propagators of free fields are consequently 

aa^'aa t^z^W( \ X f exp{-ikx) 

VWW (^) = J (2vr)4P-Mi^ + .0 ' ^'-^^ 



VWWWWV D^Jix) = 6., J , (2.8) 



G^(^) = / 7^exp(-^px) /^rf -n • (2-9) 

The fictitious photon mass is included in (2.6), (2.8) to treat the integrals which involve the 
photon propagator D^'^. It is to mention that in the ensuing calculation we shall have to deal 
not only with the infinitesimal photon mass m^=A^O, but also with m^=Ms specified so as 

To treat thereafter the neutron /3— decay in the one-loop approach, the electroweak interactions 
of lepton, quark, W—, Z— boson and electromagnetic fields are to be specified [22-25]: 

£fj = C"^^^ + C"^^^ + C'^ff + C^ff + , (2.10) 
jrwwz ^ , 92 /ay/3 _ ^Qjv+w-Zs + dJVp Z,Wt + do.ZpW:^Wi] = (2.11) 

^ igl + 92^ ^ 

w M\l\^\l\{\l\jW 
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+ 2g,_-^)^,_ = ^fVlff^jZ^ (2.14) 
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A ^ rAee 



C^ee ^ _^^^^l^^^A, , (2.15) 



e 



r^"" = ee^i^qYi^qA^ = ee^q^yA^ . (2.16) 
q ^ g 

As usual, for leptons = ip^, ipi_ = ip^, V+- = 1, Qi+ = 0, Qj- = —1 , and in the 
case of u, d quarks = ipu=u, ipi- = ipd=d, V+_ = Kd, Qi+ = e„ = 2/3, Q,- = Cd = 
— 1/3. The operator increases, T~ decreases weak isospin projection by one unite: T^ipf. = 

, T'lp^ = ipe , T+V'rf = ipu , T~ipu = i^d , T'lpe = T'lpd = T+i^u = T+i^u = . In the 
interactions (2.11)-(2.16) and in the analogous expressions hereupon, the A/'products of the field 
operators 

W^{x) = E(c.(qX(q)e-^'^^ + <(q)^;(q)e^'^^) , (2.17) 
q 

M^) =Y.{^fip,r)ufip,r)e-''^' + b-^ip,r)ufi-p,-r)e'P^) , (2.18) 



and so on, are implied. Here / specifies a sort of fermions and r stands for other quantum numbers: 
spin, isospin, their projections. 

In calculating the neutron /?— decay amplitude in the one-loop approach, we leave out the 
effects of Higgs-fermion interactions, since they are of the order of the Higgs coupling to fermions 
r^nif/Mw [8,22-25]. Also only the first generations of leptons (e, z/g) and quarks (m— , quarks) 
come into the forthcoming consideration. 

The transition amplitude A4 of the process (1.6), when calculated in the one-loop approach 
according to (2.6)-(2.16) directly in terms of the bare fields and parameters, is UV divergent, and 
renormalization is necessary. The multiplicative renormalization of the Lagrangian (2.6)-(2.16) is 



performed amenably to the non-minimal on-mass-shell (OMS) renormalization scheme [22-24,8], 
with the renormalization constants and renormalized quantities defined in such a way that 



,L,R ^ / / \l/2 I L,R iL,R T 7 / (c^^n.\ 

=^ K,r) ' V'/ , V'/ = -^^^f, (2-19) 



m 



j^m} + 5m}, M^^z ^ M^,z + ^M^,z, 



zY{zf) ^'^g2, z{[z^) "'~gi 

Expanding the renormalization constants 

z = l + 6z, (2.20) 

we obtain 

= + (2.21) 

where the expression for >C^^ in terms of renormalized quantities is identical with the original one, 
(2.6)-(2.16), but now it contains the renormahzed physical parameters and fields. The counter 
term Lagrangian 

C^'^iA,, Z,, W^, H, e, Mw, Mz , mj ; 6z^f , Sz^j,, 6M^^z , Sm}) (2.22) 

is determined by the quantities Sz^2^ , Sz{ j^, 6My^z, ^"^/ (2.19). The linear combinations 
of the field renormalization constants 5z^'^ and the coupling renormalization constants 5zY'^ are 
introduced [23,24] 
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, 5z'^^^cwSw{5zZ - Sz^)= ^ ' ' {Sz^ - 5zl) , (2.23) 

Sz / 



m 



m = 1,2 



Accordingly the OMS renormalization scheme [22-25], the fine structure constant Q!=e^/47r 
=1/137.036 (defined in the Thomson limit) is used as an expansion parameter, and all the renor- 
malization constants and the renormalized quantities in Eqs. (2.19)-(2.23) are fixed on the mass- 
shell of gauge bosons, fermions and Higgs bosons. With this condition, the renormalized masses 
are identical to the pole positions of the propagators, i.e. the physical masses. All the residues 
in the diagonal propagators are normalized to 1, and the residues in the non-diagonal parts of 
propagators are chosen to be equal to in order to forbid mixing for on-mass-shell particles, so 



as no additional renormalization of wave functions is required, besides what given by Eqs. (2.19). 
Thus, the OMS renormahzation scheme does preserve physical meaning of the original quantities 
in the electroweak Lagrangian C^'^ (2.6)-(2.16). 



The formulated OMS renormalization conditions [22-24] allow us to obtain explicitly 5zi 



W,B 
2 ; 



Sz{^j^, 5My^z, Smj (2.19) in terms of the unrenormalized self-energies of gauge bosons, 
S^'^(M^^^), S^(0), S^T(O), and fermions S-^(m/), and their derivatives dJ:'^'^'^{k^)/dk^, 
dTjf{p)/dp , which are calculated in the one- loop approximation amenably to the Lagrangian 
(2.6)-(2.16). In particular, the fermion self-energies are given in the usual way by the graphs 

T.f{i>)= ^ f % , (2.24) 

where the wavy line renders the propag ators of W-,Z -bosons, D^^^ (2.7), and photons, D^^ 
(2.8), with the fictitious mass which hereafter takes not only the infinitesimal value m^=A^O, 
but also the value m^=Ms specified so as MJJ<^M'g<^M^f . 

Upon calculating the radiative corrections with the fields, masses and coupling constants renor- 
malized amenably to the OMS renormalization scheme, not only the UV divergencies occurring 
in the loop expansion (of propagators as well as S*— matrix elements) are absorbed in the infinite 
parts of the renormalization constants, 5zY^^ Szl j^, 6M^z: ^f^}, but also the finite parts of the 
radiative corrections are fixed. These lead to physically observable consequences. 

The essential ingredients to obtain radiative corrections are the three-particle vertex functions. 

First we are to acquire the electroweak radiative corrections to the bare euW— vertex 

e V 

mC^ff (2.13). 

The renormalized corrected ez/VT— vertex r^''^(pe, —Pu, q) is determined by the matrix element 

{^tiPe, a,)\S^'^\M-P., -^.), W--{q)) = 
= z(27r)^(5(g-p,-pe)(Me(Pe,ae)C^(pe,-p.,g)w^~"(g)n.(-p.,-a,)) (2.26) 

of the iS^^— operator 

5^^ = rexp[^/d^x£fJ(x)], (2.27) 

with Cf^{x) given by (2.10). Here T represents ordinary time ordering, (l)^{—p^, —cr^) stands for 
a neutrino with the momentum —p^, and the polarization —ai, in an initial state, and 0e(Pe,cre) 



stands for an electron with the momentum pe and the polarization ag in a final state, Ue,u indicate 
the Dirac spinors of leptons. In the transition from the initial to the final state, a VT"— boson 
with the momentum q = Pe + Pu and the polarization a is absorbed (or emitted). 

Pursuant to the aforecited OMS renormalization scheme [22-25], we obtain in the one-loop 
order, 0(a), 

{u,{pe,ae)t::'^{pe,-p,,q)w-''{q)u,{-p,,-a,))= ^^'""^ *W ' "^'^ (2.28) 
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-p^,-ay Pe,o; 



-Pu, -<7u Pe, 
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ei/W 




-Pu, -O-^ 



where the last diagram represents the relevant counter term 



ct a 



(2.29) 
(2.30) 



-2 2 

as one can infer from Eqs. (2.11)-(2.16), (2.19)-(2.23). Here dz]^'^ render the renormalization of 
the electron and neutrino wave functions, and the difference 5zY — Sz^ is expressed through the 
2:7— transition self-energy [23,24] 

■1 „^„,.„. -a 2 



SzY - 5zl 



w_ 



Mlswcw 



E^^(O) 



4vr 3%^ 



A(M, 



W) 



(2.31) 



5z 



euW 



Neglecting all the terms of 0(me/M^ iy) , 0{j)1^^/ M"^ ,^) and presuming the fictitious photon 
mass in Eq. (2.9) m^=A— >0, we obtain in the one-loop order, 0(a), 

'14/ "'vy ^CiY-^w 

In (2.31), (2.32) and thereafter, the quantities A(Mj) stand for the UV divergent singular terms 
for given masses Mj. Within the method of dimensional regular izat ion (see, for instance, [8,25]), 
A{Mi) are known to be given as 



a 
Ait 



( , X , Mz 9 5 , 1 lOcL + 1/,,,^, 1\^ , , 



2 

A(M) = — -,-ln— , (2.33) 

where D , , fi are the space-time dimension, the Euler constant and the mass scale, respectively. 
Let us behold that amenably to the old-established momentum-space cut-off, A(Mj) could merely 
be presented as 

A(M) = i + 21nA, (2.34) 

with the momentum-space cut-off parameter A [7-9]. It goes as a matter of course that neither 
D , 7 , II , nor A will occur in the corrected renormalized vertexes, propagators and self-energy 
parts of fermions and gauge bosons. The corrected renormahzed euW— vertex. (2.28) results as 

r« -r, |l+4^l21n- + ln— -- + ^ + ^^lncH.jj. (2.35) 

As seen, the renormalized corrected ez/l^— vertexes is multiple to the bare one, and quarks are 
not involved in (2.35), within the applied one- loop approach. The infrared divergence, ~lnA/m, 
occurring in (2.35) is known to disappear out of the eventual result for /3— decay probability 
[7-9,26]. 

To acquire the neutron-proton-1^— boson vertex function f ^"'^ we shall hereafter have to deal 
with the renormalized corrected wfiH^— vertex f^*^ for the pure quark transition d^u+W~ in the 
quark system described by the electroweak Lagrangian (2.10)-(2.16), with the fictitious photon 
mass rrij—Ms {Mf^<^Mg<^M^r) adopted. In this case, the calculation involves the "massive 
photon" propagator 

D^'(x) -5 a [ d'fc exp(-zfcx) 

In particular, the wavy line in (2.24) renders D^p{x) (2.36). What is to emphasize is that this 
subsidiary mass Ms is negligible as compared to the heavy boson mass M^r, though the nucleon 
mass Mjsf is, in turn, negligible as compared with Ms- 

In much the same way as in the leptonic case, the corrected renormalized vertex f is 
introduced by the matrix element 

= i{27r)%q+pa - Pu){uuipu, (Tu)rsTiPu,Pd, q)w^''{q)ud{Pd, 'Jd)) (2.37) 

to describe the transition of an initial d— quark with the momentum and polarization (7^ into a 
final li— quark with the momentum p„ and polarization when a VT"^— boson with the momentum 



q=Pu —Pd and polarization a is absorbed (or W~ emitted). The quantities Uu,d indicate the Dirac 
spinors of quarks. Following the above expounded OMS renormalization scheme [22-25], we 
acquire from the Lagrangian (2.6)-(2.16), with m^=Ms assumed, in the one-loop order, 0{a), 

(uuiPu, au)nTiPu,Pd, q)w+''iq)udiPd, fXd)) = (2.38) 




where the wavy line with the tag As stands for the "massive photon" propagator D^'^ (2.36). 
The first graph in (2.38) depicts the bare udW— vertex 

K'"^ = \Vud\-^lail - l') (2.39) 

originating from C^ff (2.13), and the last one accordingly Eqs. (2.19)-(2.23) represents the 
counter term 

^sTat = {^Szl + i<54 + - SzY) ■ Tl'"^ , (2.40) 
where 6z^''^ render the renormalization of the quark wave functions, and the difference 6z^ — 6z^ 
is given by (2.31). Omitting the terms 0{pf^^^/M^^z,s) yOi^s/^w,z) 5 '^^ obtain the corrected 
renormalized vertex 

^udw ^ ^udw . p^p^) ^ ^2.41) 



r{w) = 




(2.42) 



multiple to the bare vertex (2.39). Of course, there occurs no infrared divergence in f (2.42). 

So, we have acquired the renormalized corrected evW— and vertices which are needed 

to calculate the neutron /3— decay amplitude. 



III. TREATMENT OF NUCLEON STRUCTURE IN DESCRIBING THE NEUTRON 

/3-DECAY. 

Up to now, we have dealt with the pure electroweak interactions Cf^ (2.10)-(2.16). As the 
nucleon is a complex system of strong interacting quarks, the neutron decay (1.6) can never 
be reduced to the pure transition 

d=^w + e~ + P + 7. (3.1) 

We are to allow for the nucleon compositeness, such as excited states and form factors associ- 
ated with the nucleon intrinsic structure caused by the strong quark-quark interactions. Therefore, 
Cfj^ (1.8) is to be completed by Clfj. to describe the transition (3.1) in a system of strong inter- 
acting quarks, 

C,nt{x)=CgY{x)+C'il{x). (3.2) 

Ignored the strong quark-quark interactions Clli,{x), the baryon is a free quark system described 
(in terms of quark occupation numbers) by the Heisenberg wave function ^q^IPejCTb) with the 
given total momentum Pb, and the spin (Tb and polarization aBz indicated as aB- So far as 
interactions vanish at infinity, 

J^int{x) — , when — > ^oo , (3-3) 

the baryon wave function in the interaction representation is written in the ordinary form: 

^|(PB,<7B,a;°) =5,t,(x°,:i:00)$|(PB,<JB,T00) =5,t,(x^:F00)$g5(PB,<JB), (3.4) 

Sstrix^ -oo) = r exp(z J dx° J d^Ctlix)) , S{t, t') ■ S{t', to) = S{t, to) . 

—oo 

The operator 

Sstrix^, xl) = r exp(z j da;° J d^Ctl{x)) (3.5) 
transforms a state of the quark system at a time-point x^ to a state at a time-point X2 : 

^UPb, (Tb, 4) = Sstrixl X^mPB, (TB, X?) . (3.6) 

The transition amplitude 




M= Pe ^-^H: (3.7) 



to describe the neutron /?— decay (1.6) is determined by the matrix element of S, 



int 



M ■ i{2-Kf5{Pn - Pp-Pe-Pu- P7) = 
{^Op{Pp^ ^p), <l>t{Pe, Cr-e), A{p^)\Sint\^ln{Pm ^n) , M'Pu, "(^e)) , (3.8) 

Sint=Sintioo, -oo) = T exp{i J d^xCint{x)^ = Texp(i J d'^xlCf^ix) + Cll{x)fj . (3.9) 

For now, there sees no option, but to parameterize the effects of strong interactions in treating 
the neutron /?— decay. We do not intend neither to specify an actual form of Cf^^lx), nor to 
procure an explicit expression of the baryon wave function ^'^^{Pb, <Jb) in (3.4)-(3.9), but we posit 
an appropriate parameterization of matrix elements of the electroweak interactions Cf^ (2.10)- 
(2.16) between the baryon wave functions ^%{Pb, ctb)- In this respect, by introducing the ordinary 
nucleon weak transition current 

Jip{k) = l^gv{k^) + gwM{k^VK - {l^9A{k^) + 9ip{k^)k^)l' , (3.10) 
the matrix element of C^^^' (2.13) 

K'^{k)= J d^y($^+(P,,a,)|V^,(y)rf^(A;)T+V^,(y)l^+>^(y)|$^(P„,a„),l^+(A:)) , (3.11) 

k=Pp — P'ti 1 

is rewritten in terms of the nucleon field operators. 



'^N{y)= (^f/Ar(PAr,CrAr)aAr(PAr,crAr)exp[-iPAry] + 

U]s{-^N, -(TN)btf{PN, (^n) exp[iPNy]^ , (3.12) 

and the nucleon wave functions $^p(P„,p, crn,p) describing the single-nucleon states with the given 
Pn,p, o'n,p- What results is 

K':'{k)= I d%{^^^P,,a,)\^M^-/'^ik)n^^iy)W^Hy^^^^^ 

= {2TxY5{Pn -Pp + k)Up{Pp, ap)r7'^(A;)T+f/„(P„ a^)w^{k) , (3.13) 

where 



the operator transforms the neutron into the proton, Un,p indicate the Dirac spinors of nucleons. 
So, the matrix element AQ^^{k), originally written in terms of the quark states, results to be 
expressed through the nucleon states and the electroweak form factors gy , Qa, Qwm , dip- 
Hereafter we shall also have to deal with the general case of weak transitions between the single- 
baryonic states ^f{Ps, <7s) including, besides the neutron and proton, various excited states of the 
nucleon. Alike Eqs. (3.13), (3.14), the matrix elements to describe these processes are written in 
terms of the baryonic field operators ^E'f (x) and the appropriate generalized transition currents 

= I d'y{<^^^Pr,armriy)r;'^ik)T^^,{y)W+^iy)\^fiP,,^ , (3.15) 

where 

T-^ik) = ^^Jrsa{k)= ' ' f ' ' (3.16) 

and increases baryon charge by one unite. 

In much the same way, the matrix element of C^'^'^ (2.16) transforms as follows 




A 



d'x{^l-'{PB,aB)\C^"'{xWB'{PB',CTB'),A^{k)) - 



B' — * # * B 

jBB' 

= -e{2ny6{PB' - Pb - k)(uB{PB,OB)f^''\k)UB'{PB',OB'))A^{k) , (3.17) 

where the form factors fa^'{k) to describe the electromagnetic transitions of baryons B'^B are 
of the usual form [7-9] 

f^ik) = frik'ha + frik')k^^c.p (3.18) 

in the case of neutron and proton {N=n,p) interactions with electromagnetic field A". At the mo- 
mentum transferred k'^^M^, the quantity Qwm is given through the nucleon anomalous magnetic 
moments, 

f^n f^p 3.7 , , 

the assessment 

, 2M^Am 2M,gAiO) 8^a(0) 
^^^^^ ) ^ k^-ml ^ ml -ml ^ ^ ' ^^'^^^ 



is appropriate, and the estimations 

/"" = 0. = (3.21) 



hold true within the vector-dominant model (see, for instance, Refs. [7-9]). Here m^r , rrip are 

conceived to be of the order of the vr— and p— meson masses. Evidently, at A;^<M^, Eqs. (3.10), 
(3.18) are reduced to 

J^piO) = 7^ - 7 W , (3.22) 

K'^^iO) = ^J^7«(l - 9A{0h') , (3.23) 

/r(0)=7a, mO)=0, (3.24) 

and the nucleon is treated as being a point-like particle, except for the residence of qa in the 
nucleon weak transition current (3.22). 



IV. TRANSITION AMPLITUDE. 



As dictated by Cint (3.2), the transition amplitude M. (3.7)-(3.9) is represented in the one-loop 
order, 0(a), by the set of diagrams 
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with the contents heretofore given by (2.10)-(2.16), (2.24), (3.23), (2.28), (2.38), (3.14) (3.16) 
and also currently explicated hereafter, as far as used. At the lowest order in Lf^ (2.10)-(2.16), 
that is without radiative corrections, the uncorrected Born amplitude presented by the first 
graph in (4.1) is determined by 

d'fc 



X (0;!' (Pe , ) I (X) 7" ( 1 - 7^ ) (a;) 1 0^ ( -P:. , -CTr. ) ) (i) 



X X 



X 



(4.2) 



X / dV-^'^"-^^(<^'^;(Pp,^p)|T{4(y)7''(l -7')T+^,(2/) ■5.,.}|$g„(P„,a„)) 



where the strong interactions intrude via Sstr=<Sstr{oo, — oo) (3.5) . With allowance for the relations 

Sstr = Sstr{00, y°)Sstr{y^ , "Oo) , ^%{Pn, CTN, Z/°) = Sstriv^ , -Oo)^Ij^{Pn, CTn) , (4.3) 

the last integral in (4.2) is reduced as follows 

I d'ye^'y{n^{P„ a,)S,Uoo, y')\i:,{y)^^ {1 - ^')T+^,{y)\S,tr{y', -oo)$L(^n, ^n)) = 

/ dV'^(^r(^P' '^p)\Myh^i - I'KMvmiPn: ^n)) . (4.4) 

Applying to the expressions (3.10)-(3.14), the Born amplitude proves to be 

= u,{p„ ae)r-^«,(-p,, -a,) X 
X / d'ye"^y{^l^{P,,a,)\My) r?^(?) My)mPn:<Jn)) ■ D^^{q) = 

= UeiPe, ae)C^«.(-p., -a,) ■ Up{Pp, ap)Tj'^ {q)Un{Pn, an) ■ D^f,{q) , (4.5) 

= TT^iaii - 1") , r7^(g) = |K.|— (?) , 



np\ 

Pn Pp Pe Pi/ 



As g2<M2<M^, the quantities rj^(5) , J^p{q) are replaced by (3.23), (3.22), and 

With allowance for the radiative corrections, the bare, uncorrected vertexes , T^^^{q) 
and VF— propagator D^p{q) in M.^ (4-5), depicted by the point, blob and thin wavy line in the graph 
1 in Eq. (4.1), will give place to the corrected renormalized quantities T'^^'^ , T'^^{q) , D^p{q), 
what counts is that the terms presented by the graphs 2,3,4 emerge in M. (4.1) in the one-loop 
order, 0{a)] , t^^^{q) , D^p{q) are depicted by the shaded circle, the shaded circle with 
heavy core, and the heavy wavy line in the graphs 2, 3, 4, respectively. 

The terms presented by the graphs 5, 6, 7, 8 describe the real 7— radiation, and the graphs of 
the type 9, usually called the "box-diagrams", render generically all the irreducible four-particle 
processes. 

The contribution of the graph 2 is merely acquired from (4.5) by replacement of V^^"^ in (4.5) 
by f^^^ (2.28), (2.35). 

The corrected renormahzed vertex Y"^p^ in the graph 3 in (4.1) describes the n^p transi- 
tion by absorbing a W^"'{q) boson with the polarization a and the momentum q (or emitting 
W-'^{q)). The contribution of the graph 3 originates from (4.5) by replacing r7^=^f7„^. So, 
the calculation of T'^^{q) is in order. 



V. THE RADIATIVE CORRECTIONS TO THE pnW- VERTEX WITHOUT 
INVOLVING STRONG QUARK-QUARK INTERACTIONS. 



In the third order in the quark part of Cf^ (2.10), the vertex r]!f^{q) is defined by the matrix 
element which involves besides the electroweak interactions, , C^ii , C^iq ^ £zww ^ £Aww 
(2.11)-(2.16), the strong quark-quark interactions C^^^ as well, via Sstr=S strips i — oo) (3.5) : 

i(27r)^5(P„ - + g) (C7,(P„<7p)fr^(P„,P„g)^+'^(g)C/„(P„,<7„)) =iA77(g) + 

(-i) I dV| dS2/d^:r3($g+(Pp,a,)|T{(£^«^(a;i)£^^^(x2)£^'"'(^3) + (5.1) 
£^''«(xi)£^''«(a;2)>C^^^(x3) +>C'^^^(xi)£^«^(x2)>C^^'^(a;3) + 

C^'^\xr)L^'^\x^)L^'^\x^) + £^^^(X0>C^^^(X2)>C^^''(X3)) • 5,,,}|$L(^n, ^n), = 

^ iKf'id) + Ar^^(?) + Ar^^(?) + Ar^(?) + Ar^(?) + Ar^(g) . 

The processes of different kinds contribute to f^"^(P„, Pp, g) (5.1). 

All the terms but last in the integrand in (5.1) prove to incorporate the propagators of heavy 
gauge bosons D^^ (2.7). So, in the r.h.s. of (5.1), A^^^ , A^^^ , A^^^ , A^^^ render the 
processes where the quark-quark electroweak interactions are due to the heavy gauge bosons ex- 
change that corresponds to large momenta transferred, g^~M|^^M^, and therefore the short- 
range, '^1/Mw,z, quark-quark electroweak interactions cause these processes. By emitting or 
absorbing a virtual heavy gauge boson, large momenta q'^'-^M^^^ is transferred to the quarks 
constituting the nucleon. As quark momenta inside the nucleon are relatively small, g^^M^, 
quarks possess large momenta, g^~M|p^^M^, in the intermediate states between emission and 
absorption of heavy gauge bosons in the vertexes £'^^^(xi) , C^'^'^{x2) in (5.1). What is the under- 
lying inherent principle of the Standard Model to emphasize at this very stage is that the strong 
quark-quark interactions die out when quarks possess the large momenta g^^M^. Consequently, 
given the fact that quarks have got such a large momenta, the strong quark-quark interactions die 
out, i.e. Cllj. vanishes, in these intermediate states, and we deal with free quarks [8,9,22-25]. In 
this respect, on rewriting (with allowance for Eqs. (2.11)-(2.16), (3.4)-(3.6), (4.3)) the quantities 
j^wwz^ A^^^ in the form 

Ar'^^(g) = -/dV/d^x^/ d^x3($^+(Pp,<7,)|r{(g-(xi)rr'(^i)7;-'?(^i))-'5.t.(x?,x°)x 

(g(a;2)rf^^(x2)g(a;2))r;fJ^(a;3)iy+^(a;3)}|$^(P„, a„), W^{q))-Dl{x, - x,)-DZ{x, - x,) , (5.2) 
Ar^(g) = -/d'^i / d'x^ / d^a;3($r(^P''^p)l'^{(fe)rr'(^i)^.^?(^i))-'5.t.(^?,4)x 



W6 pr6suin6 Sgfrix^^x^ )~\ herein, so far as C'^^^{x)—Q at x\<x^<X2 in (3.5). Then, without 
involving the strong quark-quark interactions, the sum A^^^ + A^"^^ transforms to the matrix 
element of the T— product of quark field operators presented by the diagrams 2 and 3 in (2.38) 
between the neutron and proton wave functions (3.4), 

A^^^(g)+A^^^(g) = 

Here, the bare vertex r^*^^ is given by (2.39) and 

mZA)J£-{^[{l - 2eusl.) + (1 + 2e,.^)](A(M^) - l)+(e„ - ea){A{Mw) - ^)}+ 

+^ (4(e„ - ed) + (4 + 6%^ In cw) [-^ + (e^ - e„)s^]) , (5.5) 

accordingly a direct evaluation of the contribution from the diagrams 2 and 3 in (2.38). With 
making use of Eqs. (3.10)-(3.14), (3.22), (3.23), the expression (5.4) results as 

A;r^^(g)+Ar ■""'(?) = 

=i(27r)^(5(P„ -Pp + q) {Up{Pp, (7„)r7'^(g)w+"(g)C/„(P„, an))r{WZA) . (5.6) 

Certainly, rj^(O) (3.23) resides herein at q^<^Ml. 

Recalling Eqs. (2. 19) -(2. 24), we acquire in much the same way 

A^^^{q)=tJ dV^n*r(^P'^p)l^-(^)r?'^^^'^(^)V'<^(^)l*n(^n,^n),W^+(g))x 

X {5z^ - 5zY + UzliMw) + \5zi{Mw)) = 



K27r)^5(P„ -Pp + q) (Up{Pp, an)riP'^{q)w+{q)Un{Pn, 



X 



X {5zY - 5zY + \5zl{Mw) + \5zi{Mw)) , (5.7) 

where the difference Sz^ — Sz^ is given by (2.31), and the quantities 

IdzUM^) = UziiMw) = ^(A(M^) - i)^ (5.8) 

specify renormalization of the u—, d— quark wave functions caused by the quark self-energies (2.24) 
with a virtual PF— boson. 

Amenably to Eqs. (3.6), (4.3), (2.19)-(2.24), the quantity A^^^ is presented likewise A^^^, 
j^wAw^ j^www (5.2)-(5.8) in the form 



A^^^(g) = -J d'x^ J d'x2 J d^a;3($f (Pp,ap)|T{(g(a;2)rf^(a:2)g(a;2))5.,.(a;°,a;?) 

xq{x,)Tp\x,)q{^s)}mPn: c^n), W^{q))Dl^{x2 - xa) , (5.9) 
where we can presume the strong quark-quark interactions die out in the intermediate states, 

«5str(^l) ^3)— «5str (^1) ^3) — 1 ) 

ahke in Eqs. (5.2), (5.3). Then, in much the same way as A^^^ , A^^^ , A^^^ have trans- 
formed to (5.4), (5.6), (5.7), the quantity h^^^ (5.9) transforms as follows 

^r'{Q)-il dV^(^r(^p'^p)i^«(?/)rf'^^-'^(z/)V'd(y)i^^(Pn,^n),w^cr(?)>x 

x{t{WZ) + \5zl{Mz) + \5zi{Mz)} = 
i(27r)"5(P„ - + g) (c7p(Pp, ap)r7^(gX(g)C/„(P„, an)) x 

x{v{WZ) + \5zl{Mz) + \5zi{Mz)} , (5.10) 

where the value of V(WZ) is presented by the diagram 4 in (2.38) what counts is 

T{WZ) = -£^^[1 + 2sl,{ea - - 4e,e„s^^] (A(M^) - \) , (5.11) 

and, amenably to Eqs. (2.19)-(2.23), the renormalization constants of the quark wave 

functions 



5*^^'*^^' - -Ssil;'! + 2e..^)^(A(M.) - i) , (5.12) 

are caused by the self-energies (2.24) with a virtual Z— boson. 

For the consistent treatment of the issue of strong interactions, we rewrite the last term A^^"^ 
in (5.1) as follows 

= -e^y d^xi y 1 d''xs{n + {Pp,ap)\r{[c'^^^{x,){qix2)e,Yq{x2) x 

(^D^:{X2 - X,) + D^t{x2 - X3)) X (5.14) 

q{x3)e,Yq{x3)) ■ Sstr}mn{Pn,(Tn),W+{q)) , 

the propagator D'^^{x2 — X3) (2.8) of a virtual photon is spht herein into two parts 



= D^^{X2 - X3) + D^i{x2 - X3) , 



with introducing the subsidiary matching parameter Ms, chosen so that M^<^M'g<^M^ [27,28]. 
The quantity D-^^{x), involving only the integration over large momenta k'^^Mg, is natural to be 
treated as the propagator of a "massive photon" with the mass Ms- 

The corrected renormalized vertex f^^'^ in Eq. (5.1) is written as the sum 

t^pW ^YupW ^fnpW ^ (5.16) 

where the quantities f and r"^^ are determined as follows 

i(27r)^5(P„ - + g) (c7,(Pp, a^)VT^{q)w^P{q)Ur,{Pn, a„)) = 

A^^^ + Kj"^^ + Aj^^^' + Aj^*'^' + A^'^^ + A,y^ , (5.17) 
i(27r)^(5(P„ - Pp + g) (c7p(Pp, a,)fr|^(g)^+^(?)C/„(P„, a„)) = A.^^ . (5.18) 

So, f "^''^ is due to the electroweak quark-quark interactions mediated by W—, bosons and 
"massive photons", whereas f"^^ is due to "soft photons". The quantity A^^"^ in (5.14), 
which involves the propagator D"^^ of a "massive photon" (2.36), (5.15), describes the pro- 
cesses where quarks interact exchanging virtual "massive photons". Consequently, the large 
momenta, k^r^Mg^M^, are transferred to the quark system by the electromagnetic interac- 
tions thereby. Therefore quarks possess the large momenta in the intermediate states be- 
tween emission and absorption of a "massive photon", alike in the processes described by 
^wwz ^ ^WAW ^ j^vww ^wzz ^ where the quark-quark electroweak interactions are mediated 
by W—, Z— bosons. In this respect, the strong quark-quark interactions in these intermediate 
states can be ignored in treating h^^-^. Consequently, A^"^^ in (5.14) can be written in much 
the same way as h^^^ (5.9) in the form 

^7a^{Q) = -e'/ d^^i / d'x2 I dS($^+(P„<7,)|r{(fe)e,7x?(^2))5,,.(x^,x?) x 

x(g(xi)r;f'"'(xi)l^+^(.Ti)T+(,xi)g(.xi))5,,,(x?,x°) X 
X {q{xs)e,^pq{x^))}\^UPn: ^n), W^{q)) D^^{x2 - x^) , (5.19) 

with accepting S{x\, X2)=S{x\, x^)=l (3.5) herein. So, we are again to treat, alike in Eqs. (5.4), 
(5.10), (5.7), the matrix element of the T— product of the pure quark field operators presented 
by the graphs 5 in the expression (2.38) between the neutron and proton wave functions (3.4). 



In much the same way as in calculating A^^^ , h^^^ , A^^^ , A^^^ (5.4), (5.7), (5.10), we 
acquire 



Afa^^l?) =^ J dV^^($r(^P'^p)l^-(2/)rf^^^^V^<^(2/)l^^(^-a„),iy+(g)) 

x{r(WAS) + ^SzliMs) + Iszi(Ms)} = 
z(27r)^5(P, -Pp-q) iU,{P„ ap)r7^(gX(g)f/„(P„, a,,)) x 



X 



Here 



x{v{WAS) + \5zl{Ms) + bziiMs)} . (5.20) 



T{WAS) = |^e„e,(A(M5) - i) , (5.21) 



and 



UzliMs) + ^54(M5) = -£^i±^(A(M5) - ^) (5.22) 



provides the renormalization (2.19) of the m— , d— quark wave functions caused by the , (i— quark 
self-energies (2.24) where the wavy line stands for the "massive photon" propagator D^^ (2.36), 
(5.15). 

Summarizing the results (5.6), (5.7), (5.10), (5.20), the quantity f^*;^ in Eqs. (5.16), (5.17) 
proves to be 

where and are given by (2.42) and (3.14), (3.23), (3.22), (4.5). 



VI. EFFECT OF STRONG INTERACTIONS ON THE npW- VERTEX. 

As only the momenta k^^M^ contribute into D^^ (5.15), only these comparatively small 
momenta are transformed to quarks by emitting or absorbing virtual photons in the processes 
described by the quantity A[^^^ in (5.1), (5.14), (5.18). Possessing the comparatively small 
momenta, k'^^M^, quarks can be considered to constitute the baryon in the intermediate state 
between emitting and absorbing a virtual "soft photon". Then, with allowance for Eqs. (3.6), 
(4.3), Af^"^"^ can be transformed as follows 



X (q{x,)T^'^''{x,)W^^{x^)T^+ix^)q{x,))Sstrix',, x°) x 
x{q{xs)e,j^q{xs))}\K{Pn,(rr,),W^{q)) D^'^^x^-x,) = (6.1) 
= -e^J d^xi J d^X2 J d^a;3E^{(*r(^P'^f)l(^(^2)e,7x?(a;2))|<f,^(P.,a,)) x 

X (^s, ^s)| (g(x3)e,7/3g(a:3)) 1$ ^.(^n, o-n))}/^5^^(x2 - xs) . 

Here the sum runs over the intermediate quark states with relatively small momenta P^^^Mg 
described by the baryonic wave functions ^'^g{Pr^s,o'r,s) (3.4). Of course, the proton and neutron 
intermediate states are included therein too. The matrix elements of the T— products of quark 
operators between $^g(Pr,s, c^r,*) (3.4) are defined by Eqs. (3.11)-(3.18) in terms of the matrix 
elements of the T— products of the baryon field operators \E'r between the baryon wave functions 
^^g, with the baryon form factors T^J'^ , (3.14), (3.16), (3.17) introduced thereby. Defined 



ordinarily the baryon field propagator 

Grs{x -y) = -l{Q\^r{x)^s{ym = Srs 



1 



dV^r(p)e' 



-pix-y) 



and the baryon self-energy (2.24) with the virtual "soft photon" (5.15) 
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(6.2) 



(6.3) 



the corrected renormalized vertex in Eq. (5.18) proves to be 
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where the first graph represents the quantity 
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(6.4) 



xJ:s{q){n)rsSs{Pn " k) f^^ (k) D^Uk)U^{P^, a^)wM , (6-5) 

and the finite renormalization constants jSz"''^ of the neutron and proton wave functions come 
from 

= l^=A^iv • (6-6) 

In (6.3)-(6.5), the wavy hues tagged by Al represent the "soft photon" propagator D^' (5.15), 
the triplex hnes generically render various baryonic states ( including the nucleon) , and the blobs 
stand for the NB^— , BN'f—, BB''y—, BB'W— vertices with the appropriate form factors (3.14)- 
(3.21). Apparently, as only the integration over the momenta k'^%Mg contributes to (6.3)-(6.6), 
no UV divergence emerges therein. 

The prevailing part of (6.3)-(6.6) is obtained by retaining in the sum over r, s only the single 
nucleon intermediate states r,s = N with the propagator 

and also presuming (3.22)-(3.24). Then, the quantity Y ^iyV AV) (6.5) evidently vanishes, as 
is utilized, and we arrive at 



with the finite renormalization constants (6.6) of the neutron and proton wave functions 

To estimate the effect of nucleon structure on Sz^, we first retain only the single nucleon 
intermediate state with Gn (6.7) in (6.3)-(6.6), yet specify the nucleon form factors into (6.3)- 
(6.6) by Eqs. (3.18), (3.21) which are plausible at the momenta k"^ transferred by a virtual "soft 
photon" . Then, after a due calculation, laborious but rather plain, we arrive at the estimation 

a 1 93^ f r d ^ 

5z-^--^{m-Iir)~--I{r)}, (6.11) 

where r—mp/Mp is to set, and 



= lo S(x' +% - x)) ^'''-'' + + - 6x - 8) - 8x^(x - 3)]. 

For the intermediate states in (6.3) with rj^N, the quantities , describe the transitions 
between these micleon excited states r and the proton and neutron states p, n , respectively. These 
intermediate states are naturally to be treated as the well-known excited states of the proton, 
such as the A33— isobar, Roper-resonance, and so on. To reahze the effect of the exited states on 
6z^ (6.6), (6.3), we consider the contribution into (6.6) due to an intermediate A33— isobar, the 
simplest proton excited state, the internal structure of which is much the same as the structure 
of the nucleon ground state. In the nucleon as well as in the A33— resonance, all three quarks 
occupy the state 15'i/2- Therefore, the amplitude /^^^^ in (6.3), (6.6) does not differ substantially 
from /^P. Also along these lines, the very distinction of ^Ass (6.2) from Gp (6.7), which is of vital 
importance for the current estimation, actually results in replacing Mp — i^M^ ( see, for instance, 
Refs. [30]). What is of crucial value in evaluating (6.3), (6.6) with r^N is that 

M'^-Mlr^Ml, d = ^^^f^-^^^. (6.12) 

Then, by assuming the form factors (3.22)-(3.24), the direct estimation of the contribution to (6.6) 
from the term with the A33 intermediate state gives 

5zl = -—{Ja{Ms/Ma) - Ja(0)} , (6.13) 

ZTT 

Mr) = / -o T7 Ai^ - — )[2^ + ^^(1 - 2a;) - r'l - 2x(l - x^)} . 

The relations M|>M^, m^, Ml-M^ were utilized in obtaining (6.9)-(6.11), (6.13). Let us behold 
that Sz^, Sz'" are free of the infrared divergencies, unhke 6zP , 5z^. 

Now it is only a matter of straightforward numerical evaluation to become convinced that the 
difference 

[{5zl + + 5F) - 5zl] < 0.1 • 5zl (6.14) 

constitutes less than ~10% to the main quantity 5zl (6.9). 

Except for the A33— isobar, the structure of the nucleon excited states and the structure of the 
ground state of the nucleon are disparate. Therefore, the values of with r^^p, A33 are anyway 
substantially smaller than the value. Consequently, the contribution of these excited states 
into (6.3), (6.6) is still far smaller than (6.13). 



The quantity (6.5) is exclusively caused by the small form factors /""^ , (3.17), (3.21). It 
incorporates also two baryonic intermediate states. In this respect, the contribution of (6.5) into 
(6.4) is realized to be still far smaller than (6.10), (6.11), (6.13). All the more so, we may abandon 
the contribution of simultaneous allowance for the nucleon form factors and the nucleon excited 
states. 

Thus, with an accuracy better than ~10%, Eq. (6.8) holds true, the quantity (6.5) is negligible, 
and the renormalization constants of the neutron and proton wave functions are given by (6.9). As 
the whole radiative corrections constitute a few per cent to the uncorrected /3— decay probability, 
we commit an error ^0.1% but never more, making use of (6.8), (6.9) in the further calculations. 

Finally, adding (5.23) and (6.8), the corrected renormalized npW—yertex proves (with the 
aforesaid accuracy) to be multiple to the uncorrected vertex (3.14): 

K"^(Pn, -Pj, 9) = f;r (p„, p„ q) + r;f\Pn, p,, «) = 
- (,){i + ^ - 2,„ A _ ^ ^ _L ^ (0.15) 

This quantity is just what is depicted by the shaded circle with heavy core in the graph 3 in the 
amplitude (4.1). 



VII. THE RADIATIVE CORRECTIONS TO THE W-BOSON PROPAGATOR. 

Next, the propagator D^{q) (2.7) of the bare H^— boson in (4.5) gives place to the corrected 
regularized VF— boson propagator D^{q) [22-25,31] , 



q-'-M^ + zO q^-M^ + tiq') 



as represented by the graph 4 in the expression Ai (4.1) where the heavy wavy line stands for 
. The renormalized VF— boson self-energy 2(0) is rather not amenable to a precise reliable 
evaluation because it includes light quarks contributions in the momentum region where strong 
interaction effects cannot be ignored [24]. Fortunately, one can acquire from the analysis of the 
//—meson decay [24,31] that 

Gf, anil + 6y) 



a/2 2M2 s2 fl - 



, = 1.1663 • 10"^ GeV"^ , 5^ ^ 0.006, . (7.2) 



The estimation E^(0)/M2,^0.066 was ascertained in Refs. [23,24]. 

It is expedient to redefine M.q as the sum of the amplitudes 1 and 4 in expression M (4.1), 
writing hereupon Alo as 

M' = (^^^) I)^(g)|Kd|(^e(Pe)7a(l - 7>u{-p.)) ' {UpiPpW ' 9 a)U n{Pn)) ■ (7.3) 

Accordingly (7.1), (7.2), the coefficient in (7.3) reads 

The contributions from all the diagrams in (4.1) but 4 are themselves of the order a/ At:, even 
without allowance for replacing D^^D^ . Therefore, in treating the a-order radiative corrections 

caused by the processes depicted by these graphs, it stands to reason to set 



^ 1 G 



2^f2sw) ^2' 



(7.5: 



which is put to use henceforward. 



VIII. THE RADIATIVE CORRECTIONS DUE TO THE IRREDUCIBLE 
npei/- VERTEX (THE "BOX DIAGRAMS"). 

By now, we have considered the terms in M. (4.1) which stem from the Born amplitude A^o 
(4.5) by replacing the vertices F^^^ , and the VF— boson propagator with the corrected 

renormahzed quantities Y^^^ , pnpw ^ fjw Besides these terms, which are due to the aforesaid 
modification of the separate blocks in the graph 1 (4.1), the total amplitude M. (3.7), (3.8) 
incorporates also the part represented by the graphs 9 in (4.1) which are of the second order both 
in the lepton and quark electroweak interactions (2.13)-(2.16). The matrix element 

i(27r)^(5(P„ - Pp - Pe - P.)M27 = 
I d^Xi I d^X2 / d^X3 / d^X4($g,+ (Pp,ap),0:(Pe,^Te)| 

r\^L^'i\x^)L'^'i\x2)Cy^^\x^)L^^\x^) + L^''\x^)L'^''\x2)Cy^^\x^)L^''''{x^ + 

L^'^\x^)L^'\x-,)£y"^\x^)£y'\x,)) ■ Won(n., ^n), 0.(-p., -Or.)) = 



^A^'^+A^^, (8.1) 

defines this part of the amplitude A^27, usually referred to as the contribution from the "box- 
type" diagrams. It comprises the terms of different nature, the strong quark-quark interactions C^^^ 



entangled herein through Sstr=<Sstr{oo, —oo). The second term, A^'^, in r.h.s. of (8.1) involves the 
interactions of quarks C^'^'^ (2-15) and electrons C'^'^'^ (2-16) with electromagnetic field. Inasmuch 
as describes the processes in which a photon is exchanged between an electron and a quark, 
the expression of A^^ includes the virtual photon propagator D^^ (2.8). Then, by disparting 
D"^^ into the "massive" D^^ and "soft" i?"^' photon propagators, pursuant to Eq. (5.15), is 
split into two parts corresponding to large, k'^^M^, and comparatively small, k'^^M^, momenta 
transferred from leptons to quarks by a virtual photon, much in the same way as in the case of 
Eq. (5.14). So, with allowance for Eqs. (3.4), (3.6), (4.3), the quantity A^^ in (8.1) is written in 
the form 

r|e(V^,(xi)7"e,V^,(a:i))5,i,(a;2,a:0)(V^„(a:2)r;:'^^(x2)T+V',(a:2)) x (8.2) 
x(^e(a;3)r^"'^(a;3)V'.(a;3))(-e)(V^e(a;4)7>e(a;4))| 

In (8.1), the term A^^ including the electroweak interactions of heavy bosons with quarks 
and leptons, C^'^'^, C^'^'^, C^"'^, C^'^'^^ is due to the Z— boson exchange between quarks and 

leptons. It contains the propagators D^^'^ (2.7) of virtual heavy gauge bosons. This case evidently 
corresponds to the large momenta, q^^Mg ^ iW^ , transferred from leptons to quarks. Recalling 
Eqs. (3.4), (3.6), (4.3), we find out 

A^^ = j d'x.j d'x^jd'x^j d^X4($f (Pp,<7p),0+(pe,<7e)| 

r|(V^,(xi)rf^(xi)^,(a;i))5,,,(a;?,a;°)(V^„(a;2)rf^(a;2)T+^d(a;2)) x (8.3) 

x(4(x3)r^'^^(x3)^.(x3))[(4(a:4)rf^(a;4)^e(a;4)) + (V'.(:^^4)rf'^(a:4)V^.(a:4))]| 

|$^(P„, cr„), (t)u{-Pu, -a^))D^f^{xi - X4)DY^{x2 - X3) . 

The amplitude 7W27 is written as the sum 

AI27 = M2^s + M2^i , (8.4) 

where the quantities AI27S , ^.2-^1 are defined as follows 

i(27r)^5(P„ -Pp-pe- Pu)M2,s = A^"^ + A^'^* , (8.5) 
i(27r)^5(P„ - - pe - Pu)M2^i = A^^' . (8.6) 



Quark momenta inside the nucleon are known to be relatively small, fc^^M^ . Large momenta, 
k'^^Mg^M'^ , A;^>M|j;(/^Mp , are transferred by virtual gauge bosons and "massive" photons 
to the quark system in the processes described by , A"^'^* (8.5). Therefore, quarks have got 
the large momenta fc^^M^ in the intermediate states between emission and absorption of gauge 
bosons and "massive" photons at the time-points x\ and x\ in such processes. At this point, 
we invoke again the Standard Model assumption that the strong quark-quark interactions CHj. 
vanish provided quarks possess the momenta k'^^M'^. Consequently, the operator Sstr{.x\,X2) 
(3.5) in A^^ , A^'^'' turns out to be unit, Sstr{,x\,x^) = l. Then, by straightforward calculating 
A^^, A^'^^ (8.2), (8.3), we obtain (8.5) 



d^x{^l + {Pp, (Tp), UPe, a,)\{Mx)^g{x) f-"'^ MX)MX)) ^n), M'P., -^.)) , (8-7) 

with the operator (^ilje{x)i/jq{x) T'^'^^'^ i/jq{x)ilj,y{x)^ to describe the pure electroweak transitions of 
leptons and quarks presented by the set of diagrams 
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where, in particular, the wavy line with the tag As depicts the "massive photon" propaga- 
tor D^' (2.36), (5.15). Recalling Eqs. (4.2), (4.5), (4.6), (3.14), (3.23), we eventually find the 
amplitude 



M 



27s 



a 
An 



(1 + 



5c^ 



In (ciy) — 6 In 



w 



Ms 



(8.9) 



being multiple to the Born amplitude Aio (4.5). It is to emphasize once again the relations 



m/<Mp, Mn-Mp<t:MN, b/|'<M^, f=e,u,u,d, |P^|2<M^, M2<M|<M^ , 

Mn-Mp , Mn-Mp ^ Ms , Mw ^ 

M„ Mr, Mu 



M. 



s 



^.10) 



were used in obtaining (8.7)-(8.9), as well as far and wide over the work. 

The second term in (8.9) is due to the contributions of the first and second diagrams in (8.8). 
In view of the discussion given in the last section, it is to take cognizance that if we had a neutral 
initial particle instead of a rf— quark and a final particle with the charge +1 instead of an m— quark, 
the contribution of the second diagram in (8.8) would apparently vanish and the coefficient in front 
of \n.Mw / Ms would be equal to 8 instead of 6. 



IX. THE IRREDUCIBLE npei^-VERTEX WITH ALLOWANCE FOR NUCLEON 

COMPOSITENESS. 

Unlike the case of A'^'^'', in the processes described by A"^^' (8.6), (8.2), quarks and leptons 
exchange a virtual ly— boson and a virtual "soft photon" (5.15). The amplitude ^^27/ (8.6) 
includes the "soft photon" propagator D^^ (5.15). This case corresponds to the comparatively 
small momenta, A;^^M|, transferred from leptons to quarks. Therefore, the intermediate quark 
system, between quark interactions with a W^— boson and a "soft photon", possesses the relatively 
small momenta, and we deal with the intermediate baryonic states 5, the ground or excited states 
of the nucleon. With allowance for (3.4), (4.3), A"^^^ (8.6) is written as the sum over these 
baryonic states 



'd^Xi j d^X2 j d^X3 j d^X4E('^r(^P'^p)'<^e'"(Pe,Cre)| 

B 

r|(V^e(x4)r7^^,(x4))(-e)(^e(x2)7Ve(x2))(V^«(x3)rJ"'^V^,(x3))|$U^B,^B)) 

X ($|j+(Pb, (Tb)| (^g(xi)7"eegVg(a;i 



(9.1) 



Recalling Eqs. (3.11)-(3.18), (6.2), the amplitude ^A2-yl is presented as the sum of the contributions 
of two diagrams 




+ 




(9.2) 



JpB '5b fBn 



n 



{uM{-e)^''Ge{pe - A;)P^^"M,(-p,)) 



-Ml 



(P- A2 + zO)(A;2-M| + iO) 



X 



where the wavy hne tagged by Al stands for the "soft photon" propagator (5.15) and the 
triplex hne represents genericaUy the propagator of a quark system in the intermediate states. 
The forthcoming estimations will prove that omitting all the nucleon excited states and describing 
the nucleon form factors and nucleon transition current by Eqs. (3.22)-(3.24), we commit no more 
than a few per cent error in evaluating 7^27^ in much the same way as in evaluating (6.8). In 

this approach, liable for providing the dominant part of Ai2-yi, the contribution of the second term 
in (9.2) disappears, as /""=0 is adopted, and the contribution of the first term gets simplified, 
utilizing (6.7), (3.22)-(3.24). Then, with allowance for (8.10), straightforward calculation gives 

P J,M ^ (9.3) 




where 



VrhX{h{ksk,, A) - h{hk,, Ms)) 



h{C,ii) = j d'^kip{k,Pp,pe 



C 



A;2 - /i2 + 2O 



V{k. Pp, Pe) ^^^^ _ _ ^2 + ,0] [{Pp + k)^-M^ + lO] ' ^^-^^ 

= uM{l'i^^)ril - l'))nA-P.) , (9-5) 



e 

Vr=ne{Pe)l^l'l''{l-l')uA-p.) 
h% = Up{Pp)lp[^ + l)7a(l - l''9A)Un{Pn] 
hfa = f/p(Pp)7/37^7a(l - 9Al'')Un{Pn) , P=P«7" , 



and e=^m? + Pg , w=|pe|/£ are the electron energy and velocity. 

Now, the point is to acquire what comes out of allowance for the nucleon compositeness: form 
factors and excited states. In what follows, we shall treat concisely these two effects separately, 
one after other. We start with retaining only the pure single proton intermediate state, B=p, 
in the first term in (9.2) and approximating thereby the nucleon form factors by Eq. (3.10), 
(3.18)-(3.21). Then, with allowance for (8.10), we obtain the respective contribution to (9.2) 




fPP P J^^ 

X • 



^/i(2Mp£, X)Vfh% - {li{2ksMp, A) - 6osh{2ksMp, m,)) ^Pf - 
- (^{hiksK, A) - hiksk,, Ms)) - {hiksk,, rup) - h{ksk,, M5))jpf + (9.6) 

+ [h{ksk,kp/Mp,X) - h{ksk,k,/Mp,mp)]V^'''MX7^ , 
where, in addition to (9.5), we have defined 

= U^Pv) {iprigwMol - gipS^ul') + ^^^7^7a(l - 9Al')^ UniPn) ~ ^ - (9.7) 

In (9.3), (9.6), the terms involving /i^^ hj^^ (9.5) are associated with the electric form factor, 
whereas h^^J^ (9.7) is due to the magnetic form factors and electroweak form factors (3.10)-(3.21). 
Hereafter, the calculation of the «— order total decay probability and electron momentum distri- 
bution will call for the real part of A^27, as A^*^ is real, and integrating over the antineutrino and 
proton momenta is performed, see Sec. XI below. All the integrals Ji but Ii{2Mpe, X) are real, 
and their expressions prove to be rather plain, 

I,{2Mpks,X) = ^^ + SosIio, /i = — ln(x), 

e V 

771 1 1 — ?? 

/io = 7r^[21n(— )--ln(x)], x = , (9.8) 

Mp V 1 + V 

Ii{ksk^, X) - h{hky, Ms) = -g&v{h - Ssoho) , 

h = — — him , J 20 = — ■ 

^ 4 4 Mp^' ^° 2 

Following the method of [26], the careful calculation of ReJi(2Mp£:, A) was carried out in Ref. [21] 
with the result 

Reh{2Mpe,X) =I{Pp,Pe,e) = 

vr^ 1 M tt'^ V F 

= --Mx) ln{X/m) - -(In {x))' + F{l/x - 1) - ^"^^ ] , (9-9) 

where 



ti,2 = \ . „ J !;! . ' , 4A=m2 + + 2p^Pp , 



m2 + M2 + 2(PpPe 



and F is the Spence-function [32]. This quantity (9.9) determines the first, most important term 
in the amplitudes (9.3) and (9.6). Let us behold that the "Coulomb correction" is incorporated 
therein in the natural way, via the last term in I{Pp,pe,e) (9.9). 



The second term in (9.6) comes out of the second term in (9.3) by subtracting Ii{2Mpks,mp) 
from Ii{2Mpks, X). For the mass n^rrip, the estimation is obtained 

/i(2M,fc„,/.) ^ -7r^^oa[ ^'''~^^'^' ln( ^^^^^ + ^ _ l) + (l _ ^) Inr + 1] , (9.10) 

where r=^. At /i—rnp , r~l, we have got 

h{2Mpka,mp) ^ -n%a ■ (9.11) 

This value is to be compared to 

Soaho ~ TT^ In -iTf^oa ~ -IStt^^oc (9.12) 

IVlp 

in Ii{2Mpka, X)- As seen, Ii{2Mpka,mp) can be omitted in (9.6) with an error smaller than 6%. 

Taking into consideration (8.10), the differences which determine the third terms in (9.3) and 
in (9.6) are reduced to 

h{ksk,, A) - h{ksk,, Ms) = -9aPY^il + ln|^) - ^oa] , (9.13) 
hiksk^, rup) - hiksk^, Ms) = ^^^^^o^ - Y5'5i/(ln ^ " ^ " ^("^p)) > (9-14) 
7(a^) = j\dxJ^'dyHx'{y-l)' + rl{l-x)], = ^ • (9-15) 

Next, it is only a matter of straightforward numerical evaluation to become convinced that the 
quantity (9.14) makes up no more than ~10% to (9.13). So, with this accuracy, the third term in 
M-l^i (9.6) is seen to coincide with the third term in M.'^-ri (9-3) • 

In the last term in (9.6), the factor Vi^^ Mph^^^ is realized to be of the same order, as the 
factors V^^"hl^ and V^^'^hf^ in (9.3), (9.6). Upon a labor -consuming but rather unsophisticated 
evaluation of the corresponding integrals Ii{ksk,^kp/ Mp, /i), we arrive at the estimation of the 
difference 



Ii{kski,kp/ Mp, X) - Ii{ksktykp/Mp,mp) ^ 

~ 6 y Jo z^-zi2-r^) + l)^ 10' "^-M/ ^^"^^^ 

which constitutes ^1% to the integrals Ii{2Mpe, A) , Ii{2Mpks, A) , Ii{kski,, A) — Ii{ksk^, A), de- 
termining A^27i (9.3). So, the last term in Ml^i (9.6) is seen to constitute no more than ~1% to 
A42-yi (9.3) and can be abandoned with this accuracy. 



Thus, we have reahzed the difference Ml^i — caused by allowance for the nucleon form 
factors (3.10)-(3.20) amounts to less than ~10% to the dominant quantity 7^27; (9-3). Conse- 
quently, with committing an error less than ~10%, the form factors (3.10)-(3.20) can be replaced 
by (3.22)-(3.24) so that M-l^i reduces to Ai2ji. All the more so, we can neglect, at least with 
the same accuracy, the contribution from the second term in (9.2) which is due to nothing but 
the neutron form factor /^"~(M„ — Mp)/Mp ~ (3.21) exclusively, even in the simplest case 
corresponding to the pure neutron intermediate state, B—n. 

Now, we are to consider the terms with B^N in the sum in (9.2) which present the processes 
involving the virtual excited states of the nucleon, depicted by the triplex lines in the diagrams 
(9.2). These intermediate states are naturally to be treated as the well-known nucleon excited 
states, such as the A33— isobar, the Roper-resonance and so on, with the propagators Qb (6.2) 
(depending on the masses Mb , Mn<Mb<^Ms) instead of the nucleon propagator Gn (6.7). For 
the current estimation, it is of a drastic value that the quantities , (M„— Mp)^ are actually 
negligible as compared to the differences M^— , 



(M„ - MpY 

Ml -Ml ^ ' Ml-M^ 



0' ..2 ..2 -0- (9-17) 



Indeed, even in the case of the A33— isobar, the lowest nucleon excited state, we have got Ma — 
MpRiSOOMeV. All the more so, Eqs. (9.17) hold true for any other nucleon excited state B^/S.^:i. 
Moreover, the important relation is obviously valid 

Ml - Ml ^ Ml. (9.18) 

In the processes involving these intermediate states B^N , the quantities (3.10)-(3.20) describe 
the weak and electromagnetic transitions between the excited and ground states of the nucleon. 
For purpose of the current estimation, we take up the processes with a A33— isobar, S=A33, the 
simplest exited state of the nucleon, the internal structure of which is much the same as that of 
the nucleon ground state. In the nucleon as well as in the A33— isobar, all three quarks occupy the 
same state 15'i/2- Therefore, it is plausible in the current estimation to presume the amplitudes 
/^^(fc), J^^{k) do not differ substantially from f^^{k), J^P{k) (3.10)-(3.21). Also along these 
lines, as Gp gives place to Qb in the amplitude Ai^ (9.3), the very modification which is of vital 
importance for the qualitative assessment actually consists in replacing 

Mp ^ Ma (9.19) 

in the proton propagator. Then the respective contribution into the amplitude (9.2) reduces to 



Mt^i = %Al S>W 



P Ma J (Q) n 

(uMi-eh^Geipe - A;)r'^^"w.(-p.)) x (9.20) 



-M2 



s 



(P - A2 + iO)(A;2 - M| + iO)(F - + iO) 
The estimation of TW^^ (9.20) is procured by replacing 

h =^ IiA (9.21) 

in A^27/ (9-3)7 where Jia comes out of Ji (3.24) with changing the proton mass Mp by the 
A33— isobar mass Ma in the function if{k,Pp,pe) (9.4). What is of crucial importance for the 
current evaluation is that 

(Pa + kf - = Ml- Ml ~ > (M„ - M^f (9.22) 

at A;=0 in the denominators of the integrands in /ia, instead of zero in the integrands of Ii (3.24), 
i.e. with Mp in place of Ma. In particular, that is why there occurs no infrared divergence in 
the integral /iA(2Mpe, A), as opposed to /i(2Mpe, A). As A^^; is expressed in terms of Jia alike 
M.2'yi is expressed in terms of Ji, the integrals /iA(C,yu) are to be evaluated with /i = A, M5 and 
confronted to the respective integrals /i(C, /i) in order to assess the A^^; (9.20) value as compared 
with the value of M.\^i (9.3). The most important integrals /iA(2Mp£,/i) which determine the 
dominant part of A^^/ (as Ii{2Mpe, fi) do in the case of A^27/) given by 

/,.(2M,..,) « 2M,s.' j dxx / dy ^,^,^^, ^ _ ^ _ ^) ^ . (9-23) 

With allowance for Eqs. (9.17)-(9.22), we acquire the estimation of the integral /iA(2Mpe, A) in 
M^^, (9.20) 



instead of the integral /i(2Mp£, A) (9.9), mostly determining the evaluation of J^2'yi (9.3). Like- 
wise, the estimation of (9.23) at f^=Ms gives 

,.pM,M..).^.n(<M)^0. (.25) 



In much the same way, it is straightforward to become convinced that all the remaining integrals 
/ia(C, /i) in A42yi (9.20) prove also to be negligible as compared to the respective integrals /i(C, fi) 
in A^27/ (9-3), and consequently (9.20) results to be rather neghgible as compared with Al^^^ 
(9.3). 

Except for the aforesaid A33— resonance case, the structure of excited states of the nucleon 
differs drastically from the structure of the nucleon ground state. Therefore, the values of all the 
amphtudes J^j^ , /^^ with B^N and -B^^ A33 are substantially smaller than J^-^J^n > f^^f^^- 
Given this fact, it stands to reason that the contribution to AI27/ (9.2) due to these intermediate 
states can not exceed anyway the contribution from the intermediate A33— isobar state considered 
above. So, all the corrections to ^^27/ (9-3) caused by the terms involving the intermediate excited 
states with B^p in Eq. (9.2) prove to be negligible, as a matter of fact. All the more so, we can 
abandon the contributions to ^.2-^1 (9.2) which are due to simultaneous allowance for the excited 
states, B^p, and the form factors /^^' , (3.16), (3.17), respecting the above estimations 
associated with Eqs. (9.10)-(9.16) and the relevant discussion thereat. 

Thus, summing up, we have ascertained the amplitude M.2-/I (9.2) can be reduced to ^2-^1 
(9.3) with the accuracy better than ~10%. On substituting (9.5), (9.9) in (9.3), M.2-yi is finally 
put into the explicit form: 



M2^i = {-^—flVudl—^ ■ £ Me(Pe)7^(A + rn)7"(l -75)ii,(-p, 



x[ln(x)lnA_l(in(x))2 + F(l/x-l)-^"''' ^ ' 



m A A t2-ti 

-^^e(Pe)7^'7"(l - 7')^*.(-p.)^ [-— In (x) + 5,s{- In (x) - 2 In ^)]\ x (9.26) 

xiUp{Pp)j0{^p + Mp)7„(l - j'gA)UniPn)) - («e(Pe)7V7"(l " 1>A-Pu)) X 

8^2^ Mp M^-Ml Ms 
What is the inherent feature of ^^27/ (9.2), (9.26) to be emphasized is that this amplitude shows 



up to be not multiple to the uncorrected Born amplitude (4.5), even though A42ji (9.26) has 
ensued from the general expression (9.2) on leaving aside the effects of nucleon structure. In this 
regard, on principle differs from the above considered quantities A427s (8.9), f^^^ (6.15), 

peuW (^2.35), which all have turned out to be proportional to the corresponding uncorrected 
quantities M° , T^p^ , T^'^^ (4.5), (3.23), (3.14). 



X. REAL 7 — RADIATION. 



In the first a— order, the real 7— emission accompanying the neutron /3— decay is presented 
by the diagrams 5 — 8 in the amphtude Ai (4.1). The triplex lines in the graphs 6, 7 represent 
the conceivable excited states of the nucleon. As m, — Mp<^Mp<^Mw, the contributions from 
the diagrams 6 — 8 are negligible as compared to the one coming out of the diagram 5, which 
renders the common bremsstrahlung of a final electron. The corresponding amplitude of the real 
7— radiation with the momentum k and the polarization e*^*"^ 

x(£'p(f'p)7»(l-9J7')C„(-P„)), (a, r= 1,2,3) , 

is seen to be not proportional to the uncorrected quantity (4.5), alike A42'yh yet against 
M2'ys , f 7^ , r^"^ which all are multiple to the uncorrected quantities M'^ , TJ*^ , F^"^ . 

XI. THE RADIATIVE CORRECTIONS TO THE ELECTRON MOMENTUM 
DISTRIBUTION AND THE NEUTRON LIFETIME. 

With allowance for the radiative corrections of order a, the absolute square of the transition 
amplitude Ai (4.1) proves expedient to be written in the form 

= + M2^i + A^i?r ^ |M^r + |A^i?r + 2Re[M'M2^i], (H-l) 

where 

M« = (tZe(Pe)frW.(-P.))-(t^p(^p)r7^^n(Pn))^^(p. +Pe) + M2,s ^ 

..nf. 0( Mz A 9 , Mp 6 Mz 3 + 4cL , , ^, 
A4°|l-— (21n-/ + 41n— + --ln^-^-61n-/ ^In c^. )} 11.2 

comprises all the terms proportional to the Born amplitude Ai'^ (4.5). 

As a final state after the neutron /3— decay involves a proton, an electron, an antineutrino and 
7— rays, the probability of the polarized neutron /3— decay, upon summarizing the absolute square 
\Ai\'^ of the transition amplitude over the polarizations of all the particles in the final state, is 
obviously put into the following well-known general form 

dW(pe, P, P., k, e) = (27r)^5(M„ -Ep-oj.-e- u;)5(P+Pe+p.+k) x 

1 I 1 2 dPdpedpi^dk _ 
2714^' {2ny^2Ep2e2uj^2uj ~ 

w{p^, P, p^, k, ^) dPdpedp,,dkS{Mn - Ep - uj^ - e - u;)5(P+pe+p^+k) , (11.3) 



where ^ stands for the polarization vector of a resting neutron, and pe={e,Pe), P={Ep,P), 
Pi,={uJu,Pu), k={uj,k) arc the electron, proton, antineutrino and 7— ray four-momenta, respec- 
tively. The familiar expression (11.3) renders the momentum distribution of electrons, protons, 
antineutrinos and 7— rays in the final state. 

In the work presented, our purpose is to calculate the /5— decay probability integrated over the 
final proton, antineutrino and photon momenta and summarized over the polarizations of all the 
final particles, 

dW(£, pe, ^) = dW^(£, pe, ^) + dWi^(£, Pe, $) + dW2,l{e, Pe, C) , (11-4) 

where dW^, dWi^, dWs^/ are due to \M^f, 2Re[M°M27/], (H-l) > respectively. 

Although the calculation of the distribution (11.4) turns out to be cumbersome and labour- 
consuming, it runs along a plain and unsophisticated way, as a matter of fact. So, we shall not 
expound this calculation at full length, in details, but only set forth the main stages in evaluating 

dW(£,Pe,0 (11-4). 

As being due to the quantity 

dW«(., p., S) « dW"(.. p.. e { 1 - (2 in ^ + 4 in A + ^ _ 1„ ^ _ 

-4--61n^-^lnM} (11.5) 

Sw Ms 

is apparently proportional to the uncorrected decay probability 

dW°(£, Pe, i) = dw(£, Pe)(l + 3^^ + V^25^(l - Qa)) , 
dw(£,Pe) = ^£|Pe|A;^d£— , n = Pe/|pe| , V = Pe/s, km = - Mp - E . (11.6) 

The contribution of the real 7-radiation dWi-y(£, Pe, ^) [20] stems from |Ali-yp 

dWi^(£, Pe) = dw(£, Pe) J dA;((l + Sg\)Wo^ie, k) + v£2yA(l - gA)W^^ie, k)) = 



= dw(£, pe){(l + Sg\)[B{e) + C',{e)] + v^2gA{l - gA)[B{e) + C'^{e)]} , (11.7) 

where 

S = ^([iln^-l].ln(^)-^), 

„2 



~, _2q; 1 pe + £ fkmA km-. 3\ 

^« - V^v~^~ ■ W^3 + 24i^ " 2^ 



/C = l(F(x) - F{l/x) - Hl/x) ■ ln(^)) -v + ^ Hx) + F{v) - F{-v) . 



The contribution from 2ReM^M2-yi is 

dW2-yi{e, pe, ^) = dw(£, pe){[l + 3g\ + v|2^^(l - gA)]B2^{e) + 

Here 



(11.9) 



B2^{e) 



a 

2^ 



[{2X,{e) - h) - I 



10 



a 



Co2j{gA, ^) = ^{ - [1 + 3(^a)1 + 2l2s[5 + 12gA + 15^1] - 2/2o[2 + 3gA + 3^1]} 



a 



C^2^{gA, e) = — { - /i2^^(l - gA) + 2l2s[S + ^gA - 7gi] - 272o[l + gA- 2^1]} 



72. = ^[3/2 + 2 (in 



Ml 



w 



Mr, 



I A] 



n 



vn 



Ti{e) = - — [ln(x)ln(A/m) - -(In (a;))^ + F(l/a; - 1) - — ^] 



V 



v{e) = 



^^^ •.2 , 2ti — (■ — )2 + 

Mp£^ e 



(11.10) 



(11.11) 



where the quantities Ji, Jio, h, ho are given in (9.8). It is to recaU once more that all the results 
are obtained utilizing the relations (8.10). Let us behold the last term in Ii{e) could naturally be 
associated with the contribution of the Coulomb interaction between an electron and a proton in 
the final state. 

Eventually, upon adding up (11.5), (11.7), (11.9), the electron momentum distribution (11.4) 
in the /3— decay of a polarized neutron results to be 

dW(£, Pe, = dw(£, PeHWoigA, s) + v^W^igA, s)} , (11.12) 

WoigA, e) = {l + 3g\) [1 + Co{s) + B{e)] + Co{gA, s) 
W^igA, e) = 2^^(1 - gA) [1 + C^(s) + B(e)] + C^{gA, e) 
Co 



f[21n(^).(l + 3,i) + M + 6,^ + 1 + 
27r m 4 4 



+ M^)(3 + 125A + 9^^)- 



M, 



In ^(5 + 12^^ + 15^1)], 



w 



Mi 



M: 



A9a{1- gA) . ,e+p. b 13 2 , 

27r V m 4 4 



M^)3(i-^.^)- 



B 



Mp 

2q; 1 Pe + e 

-In 

IT V m 



M^-Ml 



In 



^(3 + 4,.-7«J)], 



9k 

l]-ln( 



m 



Co — Cq + Ci, — C'^ + Ci, 

In (c„))l , 



5 + 2c? 



Ml - Mi M, 



J(£) = -(ln(x))^-F(l/x-l) + ;^ 



v{e) ' 



which can also be rewritten as 



dW(£, pe, = dW°(£, pe, • [1 + B{e) + Ci{e)] + dw{e, Pe) x (11.13) 
((1 + 3gl)C',{e) + 2v^gA{l - gA)q{e) + Co{gA, e) + v^C^ig^, e) 



X 

We purposely retain the factors M^^/i^wz ~ ^s) front of In Myy^z/ Ms in order to clarify 
that nothing out-of-the-way will occur even in the case Ms^Mw,z and the dependence on Ms is 
very smooth. 

The total decay probability W, reverse of the hfetime r, and the asymmetry factor of electron 
momentum distribution A{e) are acquired from (11.12) in the familiar way: 

W^-^^ J dee\p,\kl,Wo{gA,e) , (11.14) 



T 27r3 



m 



The radiative corrections cause the relative modification of the total decay probability W 

M„-Mp 

J dee\pe\klWo{gA,£) 

^-SW. (11.16) 



(1 + 3«/a) / d££|pe|A;, 



The uncorrected asymmetry factor of the electron angular distribution Aq is replaced by the 
quantity A{e) accounting for the radiative corrections, 

l + 3gX Wo{gA,£) 



So, the quantities 6W (11.16) and 

A{e, gA) - Aq 



= 5A{e) (11.18) 



^0 

render the effect of radiative corrections on the total decay probability W (11.14) and asymmetry 
coefficient A (11.15). 

The results of numerical evaluation of 5W , 5 A are discussed in the next section. 



XII. DISCUSSION OF THE RESULTS. 



Before setting forth the numerical evaluation, several valuable features of the ultimate result 
(11.12) deserve to be spotlighted. 



Surely, upon adding the contributions from the processes involving virtual and real infrared 
photons, the fictitious infinitesimal photon mass A has disappeared from the final expression 
(11.12), amenably to the received removal of the infrared divergency [26,7-9]. 

Let us behold that if we got a neutral initial particle in place of a d— quark and a final particle 
with the charge +1 in place of an m— quark in the expression (8.8), the coefficient 6 in front of 
InMz/Ms in Ci would be replaced by 8, following what was observed at the end of Sec. 8. 
Subsequently, if qa were therewith equal to 1, the subsidiary parameter Ms would be cancelled in 
the final result (11.12). Being generically represented by the first diagram in (8.8), this conceivable 
case might be associated with the neutron^proton transition involving exchange of a VF— boson 
and a "massive photon" between leptons and quarks, with the weak nucleon transition current 
being pure left. As one can see, the description of the neutron decay would not involve the 
parameter Ms in this case. 

The form of dependence of (11.12) on the UV cut-off , i.e. on \n.Mw/Mp, asks for a special 
attention. First, it is readily seen straight away that the portion of (11.12) multiple to \n.My/ / Mp 
would strictly vanish, if there were gA——gv——i, that is if the nucleon weak transition current 
were pure right, {V + A), instead of the actual current (3.10), (3.22). This fact is associated with 
the general theorem ascertained in Refs. [33] . 

As one might infer from Refs. [34,35,28], the amplitude Ai and the probability dW of any 
semileptonic decay ought generically to be of the form 

M^M'il + ^5~M^)]-[1 + 0,{a)] , (12.1) 
dW«.dW°[l + ^■29~ln(^)]-[l + 0,{a)] , (12.2) 

up to the terms of order a. Here, Al° and dW° render the uncorrected (Born) values of A4, dW, 
and 

Q — = —{QunQ2in + QloutQ2out) , (12.3) 

where Q is the average charge of the isodoublet involved in the decay [34,35], and 

QlinQ2in ■) QloutQ2out 

are the products of charges of incoming and outgoing particles, respectively [28]. In the case of 
the neutron decay, i. e. for the (n,p) doublet, Q = 1/2, and 

QlinQ2in — , QloutQ2out — ~^ , 



so that q—1. So, the distribution (11.12) ought to have taken the form 

dW(^^, e, a)^dW'{gA, ey[l + ^-2 ln(^)]-[l + Op{a)] , (12.4) 

with the quantity Op{a) independent of gv , gA, InMw/Mp. Apparently, it is not the case: 
the expression (11.12) can never be reduced to the form (12.4). Yet though one might think we 
encounter some puzzhng mismatch, there is no real contradiction between the assertions of Refs. 
[34,35,28] and our straightforward consistent calculation based on the electroweak Lagrangian 
(2.10)-(2.16) and the parameterization (3.10), (3.22), (3.23) of the nucleon weak transition current. 
To perceive the matter, we rewrite the actually used current (3.22) and the distributions dW° 
(11.6), dW (11.12) in terms of the amplitudes 

9v + gA Qv-Qa 
9l = 2 ' " 2 ^ 



introduced instead of the original ones 5'y=l, gAy^Q 



V 



KiO) = I'iil - l')9L + (1 + i')9r] , (12.6) 
dW° = dw • [A{gl + 9l- 9l9r) + «^4(?ij(^L - ^r)] , (12.7) 



dW ^ dw|4^i (l + ^ In (1 + 0,{a)) + 



+AgUl + OR{a)) - Ag^gR (l + ^ In ^ j (1 + 0«l(«)) + (12.8) 



+^^(-4^^(l + Oi{a)) + Ag,gp(l + | In ^) (1 + 0^ 



(«)) 



O.ia) = a(a) + ^ (4 + 2 In ^) , 0,(a) = (9o(a) + |^ (l + 8 In ^) , 
OR^ia) ^ O^ia) + - 51n^) , OUa) ^ 0,ia) + ii(l - 21n^) , 

OUa) = 0,ia) + £ 5 In ^) , 0^ = (7o + B + In ^ , 



e 



TT V m 

It stands to reason that the values gL^l, gR^O reflect the mixture of the left and right hadronic 
currents on account of the effect of nucleon structure. In confronting (12.7) and (12.8), one 
grasps that the amplitude gL gets the renormalization factor which corresponds to that in (12.1) 
accordingly to Refs. [8,34,35,28], whereas the modification of gR docs not depend on the cut-off 
InMiy/Mp at all, in accordance with Ref. [33] as was discussed above. If there were the pure 
left hadronic current, i.e. gL—^, 9r—^, the relation (12.4) between the uncorrected (12.7) and 



corrected (12.8) distributions would apparently hold true as prescribed by Refs. [8,34,35,28]. In 
the case of the pure right hadronic current, i.e. 5'l=0, gR=l, the final result (12.8) would not 
depend on In Mw / Mp at all. 

Inquiring carefully into the calculations carried out in Refs. [34,35,28], we realize that the 
semileptonic decays considered therein are actually described by the interactions which corre- 
spond to the case gL=^, gR=^, i-e. a pure left hadronic current. It is to emphasize that 
the assertions (12.1), (12.2) of Refs. [34,35,28] hold true for any decays induced by a pure left 
{gL—1, gn—O, gv—gA—^) hadronic current, in particular for the semileptonic decays which can be 
reduced to the pure d^u transitions of free quarks . Thus, Eqs. (12.1), (12.2) are valid to describe 
the manifold semileptonic decays such as n^fiu^'-f , Ti^eUe'J , K^fiu^'-f , t^hUt-j , t~^Kv^^ 
and so on (see, for instance, [29,36] in addition to [34,35,28]). The Eqs. (12.1), (12.2) might 
although be pertinent to treat the transitions caused by the pure axial {gh—gR— — gA— — 1, gv—^) 
hadronic current, such as E='=^A°e^z/(z/)7, or by the pure vector current {gL—gR—gv—^-igA—^)-i 
such as the super-allowed O^^O^ nuclear transitions. But all the aforesaid is not our case, it is 
not relevant for describing the neutron decay. 

Evidently, as the total amplitude M. (3.8) is not multiple to M.^ (4-5), the distribution (11.12) 
can never be transformed to an expression multiple to (11.6), unlike the results asserted in several 
calculations [13-19,37] which were entailed by the original work [38] where the decay probability 
was reduced, to all intents and purposes, to the "model-independent" part merely proportional to 
dW° (11.6), that is explicitly not our case. 

The original investigation [38] had been undertaken before the Standard Model of elementary 
particle physics was brought to completion in the nowaday form [8,22-25]. Then, for the lack of the 
renormalizable Electroweak Weinberg-Salam Theory, there was seen no way to treat the neutron 
/3— decay with self-contained allowance for the radiative corrections. The purpose of the ingenious 
work [38] was to circumvent the problem of UV divergence and sidestep the consideration of the 
electromagnetic corrections in the UV region, by appropriate separating the whole electromagnetic 
corrections of order a into two conceivable parts, a "model-independent" (MI) and a "model- 
dependent" (MD), of different purports. The first one, MI, was chosen and sorted out so that it 
should evidently be UV-finite and could merely be obtained by multiplying the uncorrected (Born) 
decay probability dW° (11.6) by a single universal function g{e, Mn — Mp, m), see Eqs. (20) in Ref. 
[38], which was calculated within the effective 4-fermion-interaction approach (1.1)-(1.5), without 
taking into consideration the electroweak and strong interactions as prescribed by the Standard 



Model. In Ref. [38], this MI part was presumed to describe the electromagnetic effects on the 
neutron /5— decay. All the left-over radiative corrections were conceived to be incorporated into 
the second, MD part, assuming the electroweak and strong interactions conspire somehow to give 
the finite corrections to the quantities gv , Qa, Vud which reside in the uncorrected. Born decay 
probability (11.6), see Eqs. (19), (20) in Ref. [38]. Thus, in all the calculations, such as [13-19,37], 
presuming the approach launched by the work [38], the corrected decay probability merely shows 
up to be reduced to the uncorrected one multiplied by the function g{e,Mn — Mp,m), with the 
whole effect of the remained MD part absorbed into the quantities gv , gA, Vud which thereby 
would get the new values g'y , g'j^^ V^^ instead of the original ones : the CKM matrix element Vud 
in (2.13) and the amplitudes gv , gA specifying the nucleon weak transition current (3.10), (3.22). 
Thus, the experimental data would be described in terms of these "new" quantities g'y , g'j^, V^^. 
However, any explicit and definite, quantitative one-to-one correspondence between these two sets 
of parameters, gv , gA, Vud and g'y , g'j^, V^^, would never be asserted in Refs. [38,13-19,37]. 
Yet the guide tenet is to ascertain, as precise as possible, the very genuine values of gv , gA, V^d 
from experimental data processing. In particular, we are in need of the stringent \Vud\ value in 
order to verify strictly the vahdity of the CKM identity (1.2) [10]. So, the aforesaid calculations 
[38,13-19,37] making use of the very handy, but rather untenable simplifications cannot be said 
to be eligible for now, in so far as an accuracy ~1% or even better goes. 

In our treatment, the amplitude A4 (3.8), (4.1) and, subsequently, the distribution dW (11.12) 
comprise all the a— order radiative corrections, without disparting the Coulomb term and sepa- 
rating the MI and the MD parts. Adopting M^^IO GeV , (M^^M^<^M^) and taking all the 
input parameters in (11.12) from Ref. [39], we obtain the corrections (11.16) and (11.18) 

SW = 8.7% , SA = -2% (12.9) 

to the uncorrected and Aq values. As a matter of fact, the correction SA (11.18), (12.9) is 
independent of e. Apparently, our results (12.9) pronouncedly differ from the respective MI- values 

SWmi ^ 5.4% , SAmi ~ (12.10) 

asserted in Refs. [38,13-19,37]. Consequently, the values of [l^dM/j and gAMi ascertained from 
experimental data processing with utilizing 6Wmi, SAmi (12.10) will alter, when they arc ob- 
tained with dW, 6 A (12.9). The modifications are of the noticeable magnitude: SgA^0.4:7%, 
S\Vy4h-1.7%. For instance, the values ^a=1.2739, |Kd|=0.9713 given in [1,2,39] will be modified 
to g'A~l-28, |T4d|~0.96, provided the same value of the quantity G is used. 



Now we are to discuss what is the precision attainable in the actual calculations nowadays, a 
pivotal question that matters a lot. 

As from the first we have been calculating the radiative corrections in the one-loop order, 
0{a), the relative uncertainty ~q;~10~^ resides in the evaluated radiative corrections (12.9), from 
the very beginning. 

We further recall that the terms of relative order 

M^-Mp Mn-Mp Mn-Mp 
Mp ' Mp ' ^ Mp ' 

and smaller have been neglected far and wide, with a relative error ;$10~^ entrained thereby. 

Yet a far more substantial task than the aforesaid ones is to inquire into the ambiguities caused 
by entanglement of the strong quark-quark interactions in the neutron /3-decay. 

The final result (11-12) involves the matching parameter Ms , (M^^Mj^M^) posited to 
treat separately quark systems with large, k'^^Mg, and comparatively small, k^^Mg, momenta. 
The dependence of the results 6W , 6 A (12.9) on the Ms value shows up to be very faint : we have 
got 5W^8.6% at Ms^5 GeV and 5W^8.8% at Ms^30 GeV, and SA is practically independent of 
Ms at all. So, the uncertainties because of the Ms involvement in (11.12) are about 0.1% in SW 
and practically zero in 6 A (12.9). 

Further, Ms is chosen so that M^-^Mg, and we took for granted the generally accepted 
standpoint of the Standard Model that the strong quark-quark interactions die out when a quark 
system possesses momenta k'^^Mg^Mp. At relatively small momenta k'^^Mg, a quark system 
was considered to form various baryonic states, including the nucleon. Let us recall all the actual 
calculations have been carried out assuming Eqs.(3.22)-(3.23) and retaining only the single nucleon 
intermediate state (6.7) in the expressions (6.3), (6.4), (6.6), (9.2), what counts is the final result 
(11.12), (12.9). In calculating the radiative corrections, we did not intend to allow for nucleon 
compositeness rigorously, but (in sections VI and IX) we only tried and estimated how those basic 
calculations alter when including the nucleon excited states (6.2) and the form factors (3.10), 
(3.17)-(3.21) into the expressions (6.3), (6.6), (9.2). As was found out in sections VI and IX, the 
different terms in the amplitude M. (3.8), (4.1) (and subsequently in the distribution dW (11.12) 
) are affected by allowance for compositeness of the nucleon to a different extent. As a matter 
of fact, there is no modification in the first, prevailing term in (9.3) which is determined by the 
integral /(2Mp£, A) (9.9). It includes, in particular, the Coulomb correction. The direct evaluation 
shows that this major term causes the share of about 5Wi^b% in the whole correction 5W^8.1% 



(12.9). All the other left-over terms in the decay amplitude A4 provide the remnant portion 
dW—6Wi~4:% of 6W and the whole value 6A=—2% (12.9). The effect of nucleon compositeness 
on these terms was estimated (in sections IV, IX) to constitute no more than ~10% to their whole 
value. For now, there sees no real reliable way to calculate precisely these corrections-to-corrections 
in treating the neutron /3— decay. With the ascertained estimations, they are abandoned in the 
actual calculation which has provided (11.12), (12.9). Consequently, in respect of all the aforesaid, 
the uncertainties in the result (12.9) prove to make up no more than 

A{SW) ^ 0.4% , A{SA) ^ 0.2% . (12.11) 

Thus, our inferences are realized to hold true up to the accuracy about a few tenth of per 
cents, never worse. 

If anything, let us behold the energy released in the /3— decay of free neutrons is rather negli- 
gible as compared to the nucleon mass, M„ — Mp<^Mp, whereas the energy released in manifold 
semileptonic decays is comparable to the masses of the hadrons involved in the process, or even 
greater than they. That is why accounting for compositeness of the hadron proves to play no 
decisive role in the neutron /3— decay, but can be of significant value in other semileptonic decays 
(see, for example, [29,36]). 

In the current treatment of the radiative corrections to the neutron /3— decay, we have actually 
allowed for the effects of nucleon structure by introducing only one fit-parameter gA to be specified, 
simultaneously with the fundamental quantity \Vud\, by processing the experimental data on the 
lifetime [1] and electron momentum distribution [2]. Evidently, the ambiguities (12.11) put bounds 
on the accuracy which can be attained in obtaining the \Vud\ , 9 a values thereby. 

Thus, introducing only the usual parameters gv , gA, Qwm , 9ipio describe the weak nucleon 
transition current does not suffice to parameterize the whole effect of strong interactions in treat- 
ing the neutron /3— decay with allowance for the radiative corrections, in so far as the accuracy 
one per cent or better goes. Nowadays, no way is thought to get rid of the errors (12.11), but to 
parameterize ingeniously the effects of nucleon compositeness by expedient introducing some ad- 
ditional fit-parameters (besides gA) to describe the radiative corrections to various characteristics 
of the neutron /3— decay. These additional parameters are to be fixed by processing, simultane- 
ously with the results of measurements of r [1] and A [2], the experimental data obtained in the 
additional experiments, such as proposed in [3,4,6] and other in this line. For instance, these extra 
parameters might be conceived to render generically the "effective" mass in the intermediate state 



in (6.3), (6.4), (6.6), (9.2), (9.20) and the "effective" vertices (3.14), (3.10), (3.16)-(3.18). They 
are to be fixed, together with qa , \Vud\ , Ms, from the simultaneous analysis of all the available 
experimental data, the kinematic corrections [11] respected as well. 

So we are in need of the manifold tenable experiments to measure various characteristics of 
the neutron /3— decay, besides r and A, with an accuracy about 0.1%, and even better. Obtained 
such high-precision experimental data, the high accuracy, better than ~0.1%, is believed to be 
attained within the unified self-contained analysis of the different experimental data amenably to 
the Standard Model. 
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